Subband dispersions of quantum-well states in Ag films on Ge͑111͒ have been determined by angle-resolved photoemission. The effective masses of the subbands at the zone center increase substantially for decreasing film thicknesses. This peculiar behavior is attributed to a kinetic constraint for standing-wave formation governed by a momentum-dependent phase-shift function. No evidence is found for in-plane electron localization within the confined geometry.
I. INTRODUCTION
Thin films can exhibit different properties because of electron confinement and the influence of the film boundaries. These effects often lead to dramatic atomic-layer-byatomic-layer variations in physical properties, as seen in measurements of the surface energy, 1 thermal stability, 2 work function, 3 chemisorption, 4 electron-phonon coupling, 5 superconducting transition temperature, [6] [7] [8] [9] etc. Implications for technical applications have fostered much interest in this area of research. Electron confinement in films gives rise to discrete quantum-well states ͑QWS͒, with momentum quantized along the surface-normal direction. 10 The electronic structure is expected to remain continuous in a plane parallel to the surface, with the in-plane dispersions of the QWS largely determined by the bulk electronic structure. 11 However, Johnson et al. 12 found a large increase in in-plane effect masses of the QWS in Co/Cu͑111͒ at small film thicknesses, which they attributed to a hybridization interaction between the film and the substrate. Enhanced, anomalous, and/or thickness-dependent effective masses of QWS were also reported in Ag/V͑100͒, 13 Ag/Si͑111͒, Ag/Si͑100͒, 14 Cu/Co/Cu, 15 and Pb/Si͑111͒. 16 Dil et al. 17 proposed lateral electron localization as an explanation for a large in-plane effective mass in Pb/Si͑111͒, going beyond the phase accumulation model, which had been widely used to explain the QWS observed in various thin films. 18 The same proposal was made earlier by Altfeder et al. 19 for an explanation of their unusual results of scanning tunneling microscopy obtained from the same system.
The case of electron localization, if true, would have large impact on our general understanding of thin-film electronic structure and the utility of films in device applications. The film-substrate interface can give rise to electron scattering, especially for incommensurate systems, and Anderson-type localization can occur with a sufficiently strong scattering potential. 20 Intuitively, one possible consequence is an increased effective mass for in-plane propagation in films, which was essentially the basis for the proposal of localization, but this interpretation has remained unsubstantiated otherwise. To address this issue, we have performed a detailed investigation, by angle-resolved photoemission, of Ag films grown on Ge͑111͒ with thicknesses in the range of 5-18 monolayers ͑ML͒. This system, with a large lattice mismatch, would be a good candidate for electron localization. Our measurements show that the effective masses increase for decreasing film thicknesses, which would seem to support the electron localization hypothesis. However, an indepth analysis of the systematic trend reveals that the results are just as expected within the standard quantum-well model; the increased effective masses can be attributed to a kinematic constraint for standing-wave formation governed by a momentum-dependent phase-shift function. We find no evidence for electron localization in this system.
II. EXPERIMENTAL DETAILS
In our study, angle-resolved photoemission measurements were performed at two facilities, the Synchrotron Radiation Center of the University of Wisconsin-Madison and the National Synchrotron Radiation Research Center in Taiwan; the results were consistent. A clean Ge͑111͒-c͑2 ϫ 8͒ surface was prepared by sputtering at a substrate temperature of 500°C followed by annealing at 600°C. Ag was evaporated onto the substrate maintained at 50 K. The sample was subsequently annealed at 300 K and cooled back to 50 K for the photoemission measurement. The resulting Ag films, with a bulklike lattice constant, were oriented along ͑111͒ with the crystallographic directions parallel to the same in the substrate. Atomically uniform films with exact integer monolayer thicknesses were prepared by carefully controlling the amount of deposition. 21 Photoelectron spectra were recorded as two-dimensional images with the energy and the polar emission angle as two independent variables. Dispersion relations were mapped along the ⌫ M direction of the Ag͑111͒ films, which is equivalent to ͓112͔ in bulk Ag. The results to be presented herein were all taken with a photon energy of 50 eV. Figure 1 shows energy distribution curves at normal emission for films ranging in thickness from 5 to 18 ML. The energy is referred to the Fermi level at E = 0. Each QWS peak, labeled by quantum numbers =1-5, moves toward the Fermi level as the film thickness increases. The peak labeled SS is a Shockley surface state of Ag͑111͒. This state has a long tail, and its interaction with the substrate at small film thicknesses accounts for the complicated line shape. 22 The measured energies of the QWS at normal emission are plotted in Fig. 2 . For increasing in-plane momentum ͑mov-ing away from the zone center͒, each QWS exhibits a dispersion relation E ͑k ʈ ͒, where k ʈ is the wave vector parallel to the surface. The dispersion relations are governed by the Bohr-Sommerfeld quantization condition:
III. RESULTS AND DISCUSSION
where k Ќ is the wave vector component perpendicular to the film surface, N is the film thickness in monolayers, t is the monolayer thickness, and n = N − is a quantum number. 10 The quantity ϵ ͑k Ќ , k ʈ ͒ is the total reflection phase shift at the two film boundaries; it depends generally on the propagation direction of the electron wave. 23, 24 Solving Eq. ͑1͒ yields k Ќ ͑k ʈ ͒, the perpendicular wave vector at k ʈ for each subband. 15 This in turn yields the subband dispersion through the bulk energy dispersion relation E͑k Ќ , k ʈ ͒:
If the phase shift were independent of k ʈ , the solution of Eq. ͑1͒ would yield a subband with a constant k Ќ . However, the phase-shift function is generally not this simple, and this is the source of the effective-mass variation of interest in this study.
An example of the in-plane dispersion relations E ͑k ʈ ͒ as mapped by angle-resolved photoemission is presented in Fig.  3 for N = 6. The SS and the = 1 subband are indicated. The dotted curves indicate bulk band edges in Ge. 25 Both the SS and QWS dispersions are distorted near these band edges because of a hybridization interaction; this effect is most evident near the upper band edge, 16, 21, 22 where the states change from being fully confined to resonant. Here, we are interested in the behavior near the zone center, where in our data the states are quantum well resonances. The solid curve in Fig. 3 is a fit to the = 1 subband dispersion relation using the model function: 
where a Padé function ͑ratio of polynomials͒ is employed to account for the band distortion; a, b, c, d, and the zonecenter effective mass m ‫ء‬ are treated as fitting parameters. Values of m ‫ء‬ extracted from the data are presented in Fig.  4͑a͒ for N = 5 -18; data points too close to the Ge band edges for reliable extraction of m ‫ء‬ are excluded. Apart from a dependence on energy for each thickness, m ‫ء‬ is larger for thinner films. This thickness dependence is highlighted in Fig.  4͑b͒ , where m ‫ء‬ for different subbands ͑at different energies͒ are grouped together for each thickness. The trend of an increasing effective mass at smaller thicknesses is evident. At first glance, this seems to suggest a hindered in-plane motion at smaller thicknesses, thus hinting at electron localization. However, as we will show, this behavior can be well explained within the standard quantum-well model; the curves in Figs. 4͑a͒ and 4͑b͒ and the circles in Fig. 4͑b͒ are based on such an analysis.
The zone-center effective mass of each subband is given by:
which is coupled to the k Ќ dependence of the band structure by Eq. ͑2͒. In turn, this is connected to the phase shift ͑k Ќ , k ʈ ͒ by Eq. ͑1͒. A straightforward calculation leads to
where m 0 ‫ء‬ is the effective mass in the bulk limit of N → ϱ, or
.
͑6͒
The derivatives in Eqs. ͑5͒ and ͑6͒ are evaluated at k ʈ =0. As the phase shift is a boundary property, its effect on m ‫ء‬ is expected to diminish as 1 / N for increasing film thicknesses. This is indeed the case as seen in Eq. ͑5͒. The extra term ‫ץ‬ ‫ץ‬k Ќ in the denominator is related to a charge spillage parameter discussed in earlier work ͑a correction term for the quantumwell width to account for the finite potential barrier height at the boundaries͒. 26 To analyze the results in Figs. 2 and 4 , we use an expansion of the phase-shift function to the lowest nontrivial order allowed by symmetry:
where 0 is a constant and A and B are expansion parameters. Because the x, y, and z dependences of the QWS wave functions are approximately decoupled, we employ a factorized expansion form in Eq. ͑7͒. The curves in Figs. 2 and 4 are results from a simultaneous fit using Eqs. ͑1͒, ͑5͒, and ͑7͒, with the required band structure taken from an empirical analysis of Smith et al. 27 The fitting results describe the data well. The small discrepancies can be attributed to possible inaccuracies in the band structure and in the model phase function ͑just three parameters͒. The numerical values of the fitting parameters are 0 = 7.42, A = −0.56 Å, and B = 3.92 Å 2 . Included in Fig. 4͑a͒ is the calculated effective mass as a function of energy for N → ϱ ͑bulk limit͒.
The key point of the above analysis is the predicted 1 / N dependence of the boundary effects on the effective mass through the phase shift, as indicated by Eq. ͑5͒, which agrees well with the systematic trend seen in experiment. Thus, the enhanced effective masses at small thicknesses are well explained within the standard model. Anderson-type localization is typically a sharp transition; increasing the scattering potential causes the electronic states to become nonpropagating beyond a certain threshold. As seen in our experiment, all subbands exhibit well developed in-plane dispersion rela- tions with a large dispersion bandwidth. This observation confirms propagating states, or the usual Bloch-type states, as characteristics of this system. Localized states would not exhibit such dispersion relations.
IV. CONCLUSIONS
In conclusion, we have performed a detailed investigation of the subband dispersion relations in Ag films of various thicknesses deposited on Ge͑111͒. An increased in-plane effective mass at small film thicknesses is observed. The trend follows closely a 1 / N dependence, which can be well explained by boundary effects through a phase-shift function. There is no evidence for an abrupt onset of localization for decreasing film thicknesses.
